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ABSTRAGT 

We report the detection of CO(3—>2) emission from the submillimeter-selected hyperluminous galaxy 
SMM 02399-0136. This galaxy is the brightest source detected in the recent SCUBA surveys of the 
submillimeter sky. The optical counterpart of the submillimeter source has been identified as a narrow¬ 
line AGN/starburst galaxy at z = 2.8. The GO emission is unresolved, 0 ^ 5", and is coincident 
in redshift and position with the optical counterpart. The molecular gas mass derived from the GO 
observations is 8 x lO^^hy^MQ, after correcting for a lensing amplification factor of 2.5. The large GO 
luminosity suggests that a significant fraction of the infrared luminosity of SMM 02399-0136 arises from 
star formation. The high inferred star-formation rate of 10^ Mq yr“^ and the large gaseous reservoir 
may suggest that we are seeing the formation phase of a massive galaxy. Future GO observations of 
other galaxies detected in deep submillimeter surveys will test the generality of these conclusions for the 
bulk of the faint submillimeter population. 

Subject headings: early universe — galaxies: active — galaxies: evolution — galaxies: individual 
(SMM 02399-0136) — galaxies: starburst 


1. INTRODUCTION 

Recent observational results have dramatically increased 
our knowledge of galaxy evolution at high redshift. 
Ultraviolet- and optically-selected samples of distant 
galaxies suggest that the star-formation rate per co¬ 
moving volume in the Universe peaks at z ~ 1-2 (Madau 
et al. 1996, and references therein). The first results from 
deep surveys of the submillimeter sky (Smail, Ivison & 
Blain 1997; Blain et al. 1998; Barger et al. 1998; Hughes 
et al. 1998; Eales et al. 1998) using the Submillimeter 
Gommon-User Bolometer Array (SGUBA) on the James 
Clerk Maxwell Telescope may imply that a large propor¬ 
tion of the star formation at high redshift is obscured by 
dust at UV/optical wavelengths. Observations of CO and 
dust at high redshift are, hence, important for constraining 
the early evolution of galaxies. 

Despite considerable observational effort, there are still 
only a few known high-redshift CO sources. These in¬ 
clude IRAS F 10214-1-4724 (Brown & Vanden Bout 1991; 
Solomon, Downes, & Radford 1992), the Cloverleaf quasar 
H 1413-^117 (Barvainis et al. 1994), BR1202-0725 (Ohta 
et al. 1996; Omont et al. 1996), 53W002 (Scoville et 
al. 1997a), and BRI1335-0417 (Guilloteau et al. 1997). 
In this Letter, we report the detection of CO(3—>2) emis¬ 
sion in submillimeter source SMM 02399-0136, hereafter 
SMM02399. 

The galaxy SMM02399 is the brightest submillimeter 
source discovered during a survey through rich, lensing 
clusters (Smail et al. 1997). Follow-up optical work places 
SMM02399 at a redshift of z = 2.803 ± 0.003, indicating 


that the source is gravitationally amplified by the fore¬ 
ground cluster by a factor of 2.5 (Ivison et al. 1998; here¬ 
after 198). The optical data show the presence of a bright 
compact source (LI) containing a narrow-line AGN, with 
an unknown contribution due to star formation, and a dif¬ 
fuse companion (L2) thought to be interacting or merging 
with LI (198). The submillimeter data are consistent with 
thermal dust emission and suggest a massive dust reservoir 
of order 10® Mq (198). 

2. OBSERVATIONS 

SMM02399 was observed using the Owens Valley Mil¬ 
limeter Array in two configurations of six 10.4m tele¬ 
scopes. A total of 54.7 hours of usable integration 
time on source was obtained between January 1998 and 
May 1998. The phase center for the radio observations 
was the position of the brightest optical component of 
the SMM02399 system (LI); RA(J2000)=02’"39“5U88; 
DEG(J2000)=-01°35'58"0 (198). The GO(3^2) line was 
observed using a digital correlator configured with 112 x 
4 MHz channels. The receivers were initially tuned to 
90.927 GHz, corresponding to CO(3—>2) emission at the 
optical redshift of z = 2.803. The GO line was placed in 
the lower side-band (LSB) for which the receivers were 
optimized. Typical LSB system temperatures were ap¬ 
proximately 300 K, corrected for telescope losses and the 
atmosphere. In addition to the GO line data, we recorded 
the 3mm continuum data with a 1 GHz bandwidth mea¬ 
sured in both the lower and upper side-bands. The nearby 
quasar 0238-084 was observed every 25 minutes for gain 
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and phase calibration. Absolute flux calibration was deter¬ 
mined from observations of Uranus and Neptune, resulting 
in a calibration uncertainty of about 15% for SMM02399. 

3. RESULTS 

Figure la shows the CO(3^2) spectrum for the data 
taken from 01 January to 17 April (38.3 hr). These data 
suggest that the CO emission is centered on a slightly 
higher redshift {z cs 2.808) than the optical redshift. We 
obtained follow-up observations from 28 April to 21 May 
(16.4 hr) with the spectrometer shifted to a central fre¬ 
quency of 90.815 GHz in order to obtain a complete profile 
for the CO emission line (Fig. lb). Both data sets were 
combined to produce the cumulative CO(3^2) spectrum 
in Figure Ic. To produce the spectra, naturally-weighted 
image cubes were made by averaging the data over in¬ 
dependent 24 MHz (79 km s~^) channels. The resulting 
data cubes were then banning smoothed, and a contin¬ 
uum level of 0.5 mJy (i.e., a DC offset) was subtracted 
from the data. All spectra were taken along the frequency 
axis of the image cubes at the position of the CO emission 
(Table 1). 

Although the spectral-line data may suggest a weak 
continuum level, we lack the sensitivity to detect contin¬ 
uum emission from SMM02399. In the LSB continuum 
data we find a flux density of 0.9 ± 0.3 mJy which is con¬ 
sistent with only the CO emission averaged over the 1 
GHz continuum bandwidth. From the upper-side band 
continuum data (line-free), we achieve an upper limit of 
S(3mm) < 0.7 mJy (Icr). For the remaining of the pa¬ 
per, we adopt the expected continuum level of 0.3 mJy, 
derived from extrapolating the previous submillimeter ob¬ 
servations of thermal dust emission (198). 

Figure 2 shows the naturally-weighted channel maps av¬ 
eraged over independent 112 MHz channels. As stated 
earlier, the data were taken at two different frequencies. 
The rms noise level is higher for end channels A&E, since 
these contain less integration time than the central three 
channels. We detect CO emission at the optical position 
of SMM02399 in channels C&D. By averaging the data 
in channels C&D (224 MHz, 740km s~^), we achieve an 
8(7 detection (Fig. 2). We obtain an integrated flux of 
3.3 ± 0.4 Jykm s“^ and determine the CO source posi¬ 
tion (Table 1) by fitting a Gaussian to the peak in the 
integrated map. After subtracting the expected contin¬ 
uum level of 0.3 mJy, the resulting CO(3^2) line flux 
is S'(CO) = 3.0 ± 0.4 Jykm s“^. By assuming a leas¬ 
ing amplification factor of 2.5, the observed CO(3^2) 
line flux implies intrinsic line luminosities of L(CO) = 
2.5 X lO^hfg^bQ and L'(CO) = 1.9 x lO^Oh^g^ Kkm s"^ pc^ 
{qo = 0.5). L'(CO) is related to the mass of molecular gas 
(including He) by M(H 2 )/T'(CO) = a. We adopt a value 
of a = 4 Mq) K km s~^ pc^)“^, which is similar to the 
Galactic value (e.g., Sanders, Scoville, & Soifer 1991), and 
infer a molecular gas mass of M(H 2 ) ^ 8 x 
The appropriate value for a is uncertain within a fac¬ 
tor of 2-3. It has been argued that the Galactic value 
may overestimate the amount of molecular gas in ultra- 
luminous galaxies (Solomon et al. 1997), while other 
factors such as sub-solar metallicities (Wilson 1995) and 
Tf,(3 —2)/Tb(l —0) brightness temperature ratios less than 
unity (Devereux et al. 1994) lead to underestimates of the 


molecular gas mass. 

The CO emission seen in Figure 2 is unresolved. By 
varying the (u,v) weighting schemes and using deconvolu¬ 
tion techniques, we find an upper-limit for the CO source 
size oi 9 < 5”. This angular limit corresponds to a max¬ 
imum linear diameter of D < 25h^^ kpc at z = 2.8, or 
D < 10 / 175 ^ kpc after correcting for lensing. We can use 
this limit to constrain the dynamical mass in SMM02399. 
The dynamical mass within the CO emission regions is 
Mdyn = i?(AU/[2sin(i)])^/G, where AU is the observed 
line width of 710 km s~^. The inclination is unknown. We 
find Mdyn < 1-5 x 10^^ sin“^(f)/ i 75 ^Mq. These results 
indicate a gas fraction of M{fl 2 )/Mdyn > 0.5 sin^(i) 
which is consistent with a gas-rich young starburst. 

4. DISCUSSION 

The CO emission is positionally coincident with the 
SCUBA source SMM02399 and the compact optical coun¬ 
terpart (LI) within the uncertainties of the data sets (Fig. 
2). The central frequency of the CO emission is slightly 
redshifted with respect to the mean redshift of the opti¬ 
cal lines (400 km s“^), but such offsets have been noted 
previously for low redshift luminous galaxies (Mirabel & 
Sanders 1988). These offsets have been interpreted as a 
signature of outflows in the optically emitting gas where 
the receding emission is obscured by dust (Mirabel & 
Sanders 1988). The CO emission is unresolved {9 < 5"), 
unlike the Lya emission and the 20 cm radio continuum 
emission which are 9 ~ 8 " in extent (198). Since it is 
common for ultraluminous merger systems to be compact 
CO sources (Downes & Solomon 1998), it is not surprising 
that the CO emission for SMM02399 is unresolved. In ad¬ 
dition, the broad CO line, with an apparent double peak 
profile, is consistent with the suspected merger scenario 
for the system (198). 

The derived molecular gas mass of approximately 
IO^^Mq for SMM02399 is about 50 times higher than 
the Milky Way (Solomon & Rivolo 1989) and is a few 
times more massive than the most luminous low redshift 
infrared galaxies (Sanders et al. 1991). The high molec¬ 
ular gas mass observed in SMM02399 is not unique for 
high-redshift systems. Other high-redshift CO sources 
have similarly large molecular gas masses (e.g., Guilloteau 
et al. 1997), and this may indicate evolution in M(H 2 ). 
Such increases are expected in simple theoretical models 
(Frayer & Brown 1997). However, given the uncertainties 
in a (Solomon et al. 1997), the lensing uncertainties, and 
the small number of high-redshift CO sources, the possi¬ 
bility of evolution is only a suggestion at the present time. 

We derive a gas to dust ratio of M(H 2 )/M(dust) ~ 
140-700 for SMM02399, assuming a range of dust tem¬ 
peratures of 30-70 K. This gas to dust ratio is simi¬ 
lar that found for other high-redshift CO sources and 
is also similar to that observed in nearby galaxies (De¬ 
vereux & Young 1990). This consistency suggests that the 
high-redshift CO sources are already significantly chemi¬ 
cally evolved. Based on the deficient CO luminosities ob¬ 
served in metal-poor galaxies (e.g., Sage et al. 1992), the 
L'(C'0)/L(1.25mm) luminosity ratios for the high-redshift 
CO sources are consistent with metallicities of Z ^ 0.2Zq. 

The SCUBA measurements indicate that SMM02399 is 
a hyperluminous infrared galaxy (HyLIG, as defined by 
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Sanders & Mirabel 1996), and the optical data suggest 
the presence of both a dust-enshrouded AGN and star- 
burst activity (198). An important unanswered question 
is which mechanism is responsible for the majority of its 
immense infrared luminosity. The relative importance of 
AGN and starburst activity seen in even the nearest ul- 
traluminous galaxies is still uncertain (e.g., Scoville, Yun, 
& Bryant 1997b; Downes & Solomon 1998). Based on ob¬ 
servations using the Infrared Space Observatory, Genzel et 
al. (1998) find that about 25% of ultraluminous galaxies 
are powered by AGNs, while the remaining 75% are dom¬ 
inated by star formation. It is not clear if this trend will 
hold for the HyLIGs. 

The detection of GO in SMM02399 suggests the impor¬ 
tance of star formation by showing the presence of a mas¬ 
sive reservoir of molecular gas from which stars are formed. 
Other HyLIG galaxies which do not show GO have ex¬ 
tremely high L(IR)/L'(GO) ratios and are thought to be 
dominated by AGN activity (Evans et al. 1998). The 
L(IR)/L'(CO) ratio for SMM02399, on the other hand, is 
roughly consistent with that found for luminous starbursts 
(Sanders & Mirabel 1996). After correcting for the tens¬ 
ing of SMM02399, we find a far-infrared (FIR) luminosity 
(Helou et al. 1988) of L(FIR) = 1.2 x Lq and a 

ratio of L(FIR)/L'(GO) = 630LQ(Kkm s“^ pc^)“^. For 
comparison, the ultraluminous putative starburst galaxy 
Arp 220 has a L(FIR)/L'(CO) ratio which is only about 
a factor of 2 lower. 

The starburst nature of SMM02399 is further supported 
by the far-infrared to 4.85 GHz radio flux ratio parameter 
q (Condon, Frayer, & Broderick 1991)®. For SMM02399 
we find q = 2.3 which is similar to, but lower than, the 
mean value of (q) = 2.64 ± 0.16 observed in nearby star- 
burst galaxies (Condon et al. 1991). Although the data 
for SMM02399 show the importance of star formation, the 
data also suggest that the AGN activity is not negligi¬ 
ble. For pure star formation, we would expect a higher 
q value and a lower L(FIR)/L'(CO) ratio. In summary, 


the current data are consistent with 50 ± 25% of the in¬ 
frared luminosity being powered by star formation, with 
the remaining fraction due to the AGN. 

Assuming that half of the infrared luminosity of 
SMM02399 is powered by star formation, the implied star 
formation rate for massive stars is SFR(M > 5Mq) ~ 
55 OM 0 yr“^h 7 g , using the relationship given by Condon 
(1992). Including low mass stars, we expect a total SFR of 
order lO®M 0 yr“^, depending on the details of the IMF. 
Although high, this SFR is below the maximum allowable 
rate permitted for the observed CO line width (Lehnert & 
Heckman 1996). 

5. CONCLUSIONS 

We report the first detection of CO in a distant galaxy, 
SMM 02399, discovered during the recent deep surveys of 
the submillimeter sky. The CO emission is coincident 
in position and redshift with the optical counterpart of 
SMM02399. The CO observations indicate the presence of 
8 X lO^^hyg^M q of molecular gas. Comparison of the prop¬ 
erties of SMM02399 with local starbursts suggests that 
star formation accounts for approximately 25-75% of its 
immense infrared luminosity, with remaining contribution 
coming from an AGN. The derived star-formation rate is 
of order 10® Mq yr“^. Similar observations of other high- 
redshift submillimeter sources will test whether the prop¬ 
erties of SMM02399 are representative of the general faint 
submillimeter population, as well as placing limits on the 
contribution of dust-enshrouded AGN to the extragalactic 
submillimeter background. 
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Table 1 

CO Observational Results 


Parameter 

Value 

RA (J2000) 

02'’39“5E89 ± 0!02 

DEC (J2000) 

-01°35'58"9 ± 0"5 

(z(CO)) 

2.808 ±0.002 

AV (CO)fwhm 

710 ±80 km s"' 

S'(CO)'^ 

3.0 ± 0.4 Jykm s~' 

L(CO)*’ 

2.5 X 

L'(CO)'’ 

1.9 X 10'°ft-y5^ Kkm s“' pc^ 


8 X lO'O/ifg^ Mq 


'^Observed CO(3^2) line flux assuming a continuum level of 0.3 
mJy. 

'’Intrinsic value assuming a lensing amplification factor of 2.5, Qo = 
0.5, and Ho = 75 km s“' Mpc“'. 

'’Estimated using a = 4M0(Kkm s~'pc^)“'. 
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Redshift 

2.795 2.800 2.805 2.810 2.815 



Fig. 1. — The CO(3^2) spectra for SMM02399 observed with the OVRO Millimeter Array. Panels (a)&(b) show subsets of the data, while 
panel (c) displays the cumulative spectrum. The la error bar is shown in the lower left of each panel. 
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Fig. 2.— In panels A— E we show the CO(3 —j- 2) channel maps averaged over 112 MHz. The observed central frequency in GHz and the Icr 
rms level of each channel are given in the top right. The positional offsets are relative to the optical position (north is at the top, and east is 
at the left), and the SCUBA position (198) is shown by a cross. The contour levels are Icr x (—3.5, —2.5, 2.5, 3.5,4.5, 5.5) in panels A—E. In 
the lower right panel is the integrated CO map averaged over 224 MHz (channels C&D) overlaid on an optical B-band image taken with the 
Canada—France-Hawaii Telescope (Kneib et al. 1994). The Icr rms level is 0.4 Jy km s“^, and the contour levels are Icrx (—4, —3, 3, 4, 5, 6, 7, 8). 
The upper limit to the 3mm continuum level is 0.5 Jykm s~^ in the integrated map. The synthesized beam size is shown in the lower right 
(774 X 478, PA = -15°). 






